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Ileasurement of the Derivative Ltiv for  oscillating 
Yings in Cascade 
-by- 
Ronald D. :dine, B.Sc., D.C.Ao., 
and 
Frank G. “illox, B.Sc., D.C.Ae. 
Experimental results are reported of the damping 
derivative zw. for rigid rectangular wings of various aspect 
ratios in cascades having gap-chord ratios of 2, 1, 	 1/3, 1/4. 
The results show fair agreement with two-dimensional theory. 
The ranges of Reynolds numbers and frequency parameters were 
0.8 to 2.5 x 10) and 0.1 to 0.45 respectively. 
The results show a strong dependence on Reynolds 
number which increases with decrease in gap-chord ratio. This 
effect was eliainated by transition fixation by wires placed 
at suitable positions do-anstrecm of the wing leading edge. 
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This report was submitted in 1954 as a part requirement for 
the award of the Diploma of the College of Aeronautics. 
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1 .  I n t r o d u c t i o n  
T h e  ' p u r p o s e  o f  t h i s  e x p e r i m e n t  w a s  t o  m e a s u r e  t h e  
d a m p i n g  d e r i v a t i v e  z  f o r  r e c t a n g u l a r  w i n g s  i n  c a s c a d e  
o s c i l l a t i n g  -
. r i t h  B i w a °  h a r m o n i c  m o t i o n .  
: a r k  h a s  a l r e a d y  b e e n  d o n e  t o  d e t e r m i n e  t h e  d e r i v a t i v e  
z  f o r  i s o l a t e d  r e c t a n g u l a r  a n d  s w e p t b a c k  w i n g s  ( r e f s .  1 , 3  a n d  4 )  
a n d  f o r  r e c t a n g u l a r  
v i i n s  
i n  c a s c a d e  ( r e f .  2 ) .  
T h e  r e s u l t s  o f  r e f .  2  
a r e  i n c o n c l u s i v e  f o r  g a p - c h o r d  
r a t i o s  o f  1  
a n d  l e s s  o w i n g  
t o  a  R e y n o l d s  n u m b e r  
e f f e c t  w h i c h  
g i v e s  r i s e  t o  v e r y  e r r a t i c  r e s u l t s .  
I t  w a s  f o u n d  i n  r e f .  
6  t h a t  a d j a c e n t  a e r o f o i l s  i n  
c a s c a d e  o s c i l l a t e d  a p p r o x i m a t e l y  1 3 0 °  
o u t  o f  p h a s e  w h e n  f l u t t e r i n g .  
T h e y  1 1 4 y  
t h e r e f o r e  b e  r e g a r d e d  a s  i m a g e s  o f  e a c h  
o t h e r  i n  a  r i g i d  
p l a n e  b o u n d a r y  b e t w e e n  t h e m .  T h e s e  
c o n d i t i o n s  m a y  b e  r e p r e s e n t e d  
experimentally by an aerofoil oscillating betwoen two parallel 
plates. In theory these plates should be of infinite length 
but on approximation to the true conditions can be obtained 
with plates of finite length. 
Experiments along the same lines as those of ref. 2 
were made at gap-chord ratios of and 0, but on the basis of 
some preliminary investigations, transition wires were aalind to 
aerofoils and image plates in an attempt to fix transition and 
this eliminate Reynolds number effects. 
2. Apparatus  
2.1. General 
The tunnel and oscillating rig were basically those 
used far the experiments of reference 1 with the addition of 
two parallel plates in the working section as shown in figure 1. 
Three rectangular wing models were used all of 3in. 
constant chord and having aspect ratios of 5, 4 and 3. The 
aerofoil section was NACA 0010. 
Transition wires were fitted to the aerofoils and to 
the plates as described in para. 5.1. 
The frequency of oscillation of the rig was measured 
by means of an electrical tachometer which had been calibrated 
against a Hasler revolution counter connected directly to the 
eccentric shaft (figs. 2 and 5). 
The forcing amplitude was measured by means of a dial 
gauge reading directly the stroke of the eccentric. The ampli-
tude at resonance was measured by observing the deflection of 
a beam of light shining on a small mirror attached to the rig. 
The reflected image could be measured to within 0.01in. dis-
placement. 
Two sets of springs were used and they were adjusted 
se that the spring tension was the same with each set of springs 
in position on the rig. 
The stiffnesses'of the springs were measured by hanging 
weights from the springs and measuring the deflections with a 
pair of Vernier Calipers. The two sets are referred to as (A) 
and (B) and have the following stiffnesses.- 
1 - 210 ib.ift.'hi 
A springsIA2 - 230 lb./ft. jk  
( 1 3 1  
	
8 5 . 5  ' b e / f t . ?  
/  J -  
B  s p r i n g s   g
2  
 -  
8 0 . 5  
l b .
/ f t . {  
2 . 2  l l e a s u r e m e n t  o f  g r i n d  s p e e d   
T h e  
w i n d  
s p e e d  w a s  m e a s u r e d  b y  a  P r a n d t 1  
: i a n o m e t e r  
c o n n e c t e d  
t o  a  s t a t i c  h o l e  i n  t h e  r o o f  o f  t h e  t u n n e l .  
D u r i n g  
t h e  t e s t s  t w o  s u c h  s t a t i c  h o l e s  w e r e  u s e d  o w i n g  t o  t h e  b l o c k a g e  
o f  t h e  n o r m a l  h o l e  f o r  g a p - c h a r d  r a t i o s  l e s s  t h a n  
	 ( S e e  f i g .  
4 ) .  
T h e  n o r m a l  s t a t i c  h o l e  i s  s i t u a t e d  1 . 3 / a n .  o f f  t h e  
t u n n e l  a x i s  ( s e e  f i g .  4 ) .  S i n c e  t h i s  s t a t i c  h o l e  c o u l d  
n o t  b e  
u s e d  f o r  t h e  t e s t s  a t  
j  
 a n d  1 / 3  g a p - c h o r d  r a t i o  a n o t h e r  s t a t i c  
h o l e  w a s  c h o s e n  o n  t h e  t u n n e l  a x i s  ( h o l e  
	
4 1   f i g .  ' i . ) .  
T y p i c a l  c a l i b r a t i o n  c u r v e s  f o r  t h e s e  t w o  s t a t i c  h o l e s  
a r e  s h o w n  i n  f i g s .  
5  a n d  
6 .  T h e s e  c u r v e s  w e r e  o b t a i n e d  b y  
c a m p a r i n g  t h e  m a n o m e t e r  r e a d i n g  , , i t h  t h e  t r u e  v e l o c i t y  a s  r e a d  
b y  a  p i t o t  t u b e ,  i n  t h e  w o r k i n g  s e c t i o n  
b e t w e e n  t h e  p l a t e s  a t  
t h e  m o d e l  p o s i t i o n .  
T h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  a l o n g  t h e  t u n n e l  
a x i s  i s  s h o w n  i n  f i g .  7  
f o r  t h e  1 / 3  a n d  - : ! ] -  g a p - c h o r d  r a t i o  
c o n f i g u r a t i o n s .  
T h e  p i t o t  t u b e  u s e d  f o r  t h e  c a l i b r a t i o n s  w a s  a l s o  
t r a v e r s e d  b e t w e e n  
t h e  p l a t e s  a t  t h e  m o d e l  p o s i t i o n .  I t  w a s  
f o u n d  t h a t  t h e  v e l o c i t y  w a s  c o n s t a n t  
b e t w e e n  t h e  p l a t e s .  
2 . 3  T h e  m e a s u r e m e n t  o f   z  
T h e  m e t h o d  u s e d  f o r  t h e  m e a s u r e m e n t  o f  z  i s  
d e s c r i b e d  i n  d e t a i l  i n  
r e f e r e n c e  1 .  
F o r  a  g i v e n  v a l u e  o f  t h e  e x c i t i n g  a m p l i t u d e  
( T )  
r e a d i n g s  w e r e  t a k e n  o f  
t h e  r e s o n a n t  f r e q u e n c y  ( f  )  a n d  r e s o n a n t  
a m p l i t u d e  
( 2 1 )  a t  a  w i n d  s p e e d  ( V ) .  
2
.4   2 ;R M
. . . . 2 1 1 1 2 2 . 1 4 S I
8 2 1 f r e l l e l l c a r L IS 1
/ 2 2 : 1 2 :  
T h e  r a n g e  o f  R e y n o l d s
r
n u m b e r  ( V c / v )  u s e d  i n  t h e s e  
t e s t s  w a s  0 . 8  x  1 0 5  t o  2 . 5  x  1 0
).  
2 7 ; f , c  
T h e  r a n g e  o f  f r e q u e n c y  p a r a m e t e r  w  	
v   
0 . 1  t o  0 . 4 5  w h e r e  D  i s  t h e  r e s o n a n t  f r e q u e n c y  
R  .  
c  i s  t h e  a e r o f o i l  c h o r d  
V  i s  t h e  w i n d  s p e e d .  
w a s  
-6.- 
3. Details of Tests  
3.1 Preliminary Investigations  
The data of ref. 2 for a gap-chord ratio of ?2., 
indicated that considerable scatter of the results was obtained 
which was found to be due to a Reynolds number effect due 
presumably to transition movements on both plates and aerofoils. 
It was therefore decided to make a preliminary quali-
tative investigation designed to show the mean transition pos-
ition under oscillatory conditions. A sublimation technique 
was employed. The aerofoil was sprayed with a Napthalene-
Petroleum Ether - Toluene mixture. For these tests a tunnel 
speed of 160 f.D.s. was used. 
The results obtained were not conclusive but on an 
average it appeared that transition occurred at about 60 per 
cent chord but no two tests gave identical results. 
On the basis of this information it was decided to 
fit transition nines at 25 per cent chord on the aerofoil. 
The size of mire used was determined from the accepted relation 
far steady flow Vdly „>600. Since the results of reference 2 
became irregular in the speed range 70-100 f.2.s., a wire 
diameter of 18 thousandths of an inch was used, 
It was subsequently found (see para. 5.1) that this 
diameter was insufficient and rather than increase wire dia-
meter, the wires on the aerofoils wore brought forward to 10 
per cent chord and wires of the same diameter (18 thou.in.) 
were fixed on the -slates at 10 per cent of the plate chord. 
3.2 Main Test Procedure  
It was noted in ref. 2 that variation of resonant 
amplitude did not appreciably affect the value of z. This 
was substantiated by a preliminary test at a gap-chor
w
d ratio 
of 1 in which curves were obtained of Ert/7 against i/V 
(fig. 8) both keeping resonant amplitude constant and forcing 
amplitude constant. 
It was therefore decided to keep the exciting 
amplitude constant and allow the resonant amplitude to vary. 
Furthermore three exciting amplitudes were used where possible; 
the largest being limited by the aerofoil banging against the 
plates and the smallest limited. by the amplitude which could be 
measured reasonably accurately by the technique used. 
After experience gained in initial tests the following 
values of exciting amplitude were decided upon.- 
. 0 3 0 0 i n . ,  
	
. 0 1 5 0 i n . ,  	
. 0 0 7 5 i n .  
A l l  t h e  m a i n  t e s t s  w e r e  p e r f o r m e d  w i t h  t r a n s i t i o n  
w i r e s  o f  1 8  t h o u . i n .  d i a m e t e r  o n  a e r o f o i l s  a n d  p l a t e s  a t  1 0  
p e r  c e n t  c h a r d .  T e s t s  
w e r e  p e r f o m e C , f o r  e a c h  
w i n g  
w i t h  e a c h  
s c t  o f  
s p r i n g s  a t  g a p - c h o r d  r a t i o s  o f  
	
1 / 3  a n d  1 / 4 .  u s i n g  s e l -  
e c t e d  v a l u e s  o f  t h e  c h o s e n  e x c i t i n g  a m p l i t u d e s .  
B e f o r e  c o m m e n c i n g  
t e s t s  i t  w a s  c h e c k e d  t h a t  t h e  
a e r o f o i l  i n c i d e n c e  w a s  z e r o  b y  r u n n i n g  u p  
t h e  t u n n e l  w i t h  t h e  
f o r c i n g  r i g  s t a t i o n a r y ,  a n d  n o t i n g  w h e t h e r  t h e  m o d e l  w a s  d i s -
p l a c e d  f r o m  t h e  c e n t r a l  p o s i t i o n .  I f  t h i s  
w a s  
t h e  c a s e  t h e  
i n c i d e n c e  w a s  c o r r e c t e d  b y  ' t r i a l  a n d  e r r o r ' .  
T o  a v o i d  ' b a n g i n g ' ,  t h e  a e r o f o i l  w a s  
p u l l e d  a g a i n s t  
t h e  p l a t e s  a n d  t h e  a m p l i t u d e  s e t  o n  t h e  s c a l e .  T h e  t u n n e l  
w a s  t h e n  r u n  a t  a  r e a s o n a b l y  h i g h  s p e e d ,  s a y  8 0  : C o p e s . ,  a n d  t h e  
f r e q u e n c y  b r o u g h t  t o  r e s o n a n c e  w h e n  i t  c o u l d  
b e  s e e n  f r o m  
t h e  
a m p l i t u d e  t r a c e  w h e t h e r  
t h e  a e r o f o i l  w a s  ' b a n g i n g '  a r  n o t .  I f  
i t  w a s  n o t  ' b a n g i n g '  
t h e  t u n n e l  s p e e d  w a s  d e c r e a s e d  u n t i l  e i t h e r  
t h e  a e r o f o i l  t a s  r e a n p j a i g l  o r  m I n i m u m  t u n n e l  s p e e d  w a s  r e a c h e d .  
F o r  a n y  p a r t i c u l a r  t u n n e l  
s p e e d  
t h e  r e s o n a n t  a m p l i t u d e  
w a s  m o s t  a c c u r a t e l y  
a n d  e a s i l y  m e a s u r e d  b y  g o i n g  s l o w l y  
t h r o u g h  
t h e  r e s o n a n t  c o n d i t i o n  i n  b o t h  d i r e c t i o n s  s e v e r a l  t i m e s .  
G r a p h s  o f  
	
a g a i n s t  1 / V  w e r e  p l o t t e d
*  
c o n -  
-  
c u r r e n t l y  w i t h  t h e  t e s t  t o  e n s u r e  t h a t  e n o u g h  r e a d i n g s  w e r e  
b e i n g  t a k e n  t o  g i v e  s u f f i c i e n t  a c c u r a c y .  T o  a l l o w  f o r  h y s t e r e s i s  
e f f e c t s  s e v e r a l  c h e c k  r e a d i n : s  w e r e  
t a k e n  w h i l e  d e c r e a s i n g  t u n n e l  
s p e e d ,  t h e  m a i n  s e t  o f  r e a d i n g s  h a v i n g  b e e n  
o b t a i n e d  w h i l e  
i n c r e a s i n g  t u n n e l  s n e e d .  
4 . .  
R e s u l t s   
4 . 1  V e l o c i t y  C a l i b r a t i o n s   
V e l o c i t y  c a l i b r a t i o n  c u r v e s  f o r  a n d  1 / 3  g u n - c h o r d  
r a t i o s  a r e  s h o w n  i n  f i g s .  5  a n d  G .  
T h e  d i s t r i b u t i o n  o f  s t a t i c  p r e s s u r e  a l o n g  t h e  t u n n e l  
a x i s  f o r  1 .,  a n d  1 / 3  g a p - c h o r d  r a t i o s  i s  s h o y n  i n  f i g ,  7 .  T h e s e  
c u r v e s  a r e  t h e  a v e r a g e s  o f  d i s t r i b u t i o n s  c o r r e s p o n d i n g  t o  a  
s e r i e s  o f  
t u n n e l  s p e e d s  
t h r o u g h o u t  t h e  s p e e d  r a n g e  u s e d  i n  t h e  
t e s t s .  
•  I t  w a s  f o u n d  i n  r e f e r e n c e  i  t h a t  z . , . . / 7  w a s  a z : p r o x i m a t e l y  
l i n e a r  w i t h  1 / V .  
4.2 Preliminary Tests  
4.2.1 Gap-chord ratio of 1  
Fig, 8 shows curves of zR  1 against 1/V for Wing 
III with transition wires of 18 thou.in. diameter on aerofoil 
and plates both for fixed resonant and fixed exciting arTaitudes. 
4.2.2 
 Gap-chord ratio of 
FiL;s. 9 and 10 show curves of z7 against 1/V far 
Wings II and III with no transition wires on plates or aerofoils, 
and fig. 11 corresponding results for Yang TTI with transition 
wires on aerofoil only at 25 per cent chord. 
4.2.3 Gap-chord ratio of 1./3  
Figs. 12 and 13 show curves of E G against 1/V 
for 'dings I and II with no transition wires and fig. 14 shows 
Tying II with transition wires of 34 thou.in. diameter on aerofoil, 
and plates at 10 per cent chord. 
4.2.4 Gap-chord ratio of 1/4 
A few results were detained for a gap-chord ratio of 
0.25 for Wings I„ II and III with 0.018in. diameter transition 
wires fixed at 10 per cent chord. The results did not give a 
linear relation between z2/1 and i/V and it was suspected 
that the diameter of the transition wires was insufficient to 
fix transition in this case. 
4.3 :inin Tests  
4.5.1 z against 1/V curves 
.In figs. 15-20 are drawn curves of ED  /1 against 
1/V for ji and 1/3 gap-Chord ratios, for Wings II and III 
with transition wires of 18 thousin. diameter at 10 per cent 
chord on the aerofoils and plates. 
4.3.2 sw  against a curves 
From the curves of figs. 15-20, z1. is calculi ted 
according to the formula 
Ii 
VI 	 pVS 	 n •"Rf I 471.2 N. I 
(ref. 1) 
- 9 -  
T h i s  a s s u m e s  t h a t  f r i c t i o n a l  d a m p i n g  i n  t h e  o s o i l l a t i n  
r i g  h a s  b e e n  n e g l e c t e d .  
T h i s  i s  j u s t i f i e d  s i n c e  
i t  i s  s h o w n  i n  
r e f .  3 ,  A p p e n d i x  I ,  
t h a t  µ  i s  o n l y  s i g n i f i c a n t  w h e n  t h e  r e s o n a n t  
a m p l i t u d e  i s  l a r g e  ( z >  0 . 3 i n . )  T h r o u g h o u t  t h o s e  t e s t s  t h e  
r e s o n a n t  a m p l i t u d e  w a s  a l w a y s  s m a l l e r  t h a n  0 . 3 i n .  
I t  i s  s h o w n  i n  r e f .  2 ,  p a r a .  3 . 4
1  
 t h a t  t h e  n a t u r a l  
f r e q u e n c y  o f  t h e  s y s t e m
:  
 f :  m a y  h e  t a k e n  e q u a l  t o  t h e  r e s o n a n t  
( f o r c e d )  f r e q u e n c y
:   f  	
t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .  
H o w e v e r ,  i n  a l l  c a s e s  T h e  r e s u l t s  : J e r e  
e v a l u a t e d  u s i n g.  
 t h e  m e a s u r e d  
r e s o n a n t  f r e q u e n c y .  
C u r v e s  o f  ( z  )  a g a i n s t  0  a r e  s h o w n  i n  f i g s .  2 1  -  2 6 .  
z r  
4 . 3 , 3  
S u n m a n  o f  R e s u l t s  f o r  
w =  0 . 2  
I n  f i g .  2 7  a r e  s h o w n  c u r v e s  o f  ( - - z  _
)
a g a i n s t  i n v e r s e  
o f  a s p e c t  r a t i o  f o r  c o n s t a n t  g a p - c h o r d  r a t i o  a n d  t h e s e  a r e  e x t r a -
p o l a t e d  t o  g i v e  v a l u e s  o f  ( - z  
r )
f o r  
 i n f i n i t e  a s p e c t  r a t i o  f o r  
g a p - c h o r d  r a t i o s  o f  
	
2 ,  a n d  1 / 3 .  
T h e  c u r v e  f o r  g a p - c h o r d  r a t i o  o f  2  i s  
O b t a i n e d  f r o m  
r e f .  2  a n d  t h e  c u r v e  f o r  i n f i n i t e  g a p - c h o r d  r a t i o  f r o m  r e f .  
5 .  
I n  f i g .  2 0  a  c u r v e  f o r  e a c h  w i n g  i s  g i v e n  s h o w i n g  t h e  
v a r i a t i o n  o f  ( - z  j r )  w i t h  g a p - c h o r d  r a t i o .  
I n  f i g .  2 9  t h e  v a l u e s  o f  ( - z u
)  f o r  i n f i n i t e  a s p e c t  
r a t i o  a s  o b t a i n e d  f r o m  f i g .  2 6  a r e  c a m p a r a i w i t h  t h e  t h e o r e t i c a l
:   
t w o - d i m e n s i o n a l  v a l u e s  o b t a i n e d  f r o m  r e f .  6  
f o r  l o r e  g a p - c o r d  
r a t i o s  a n d  f r o m  r e f .  5  
f o r  i n f i n i t e  g a p - c h o r d  r a t i o .  
D i s c u s s i o n  o f  R e s u l t s   
5 . 1  P r e l i m i n a r y  T e s t s   
B e f o r e  e l i m i n a t i n g  a n y - R e y n o l d s  n u m b e r  e f f e c t  b y  f i t t i n g  
t r a n s i t i o n  w i r e s  i t  w a s  f e l t  d e s i r a b l e  t o  t r y  a n d  r e p r o d u c e  t h e  
r e s u l t s  o b t a i n e d  i n  r e f .  
2 ,  
f i g s .  l i  a n d  1 2  f o r  a  g a p - c h o r d  r a t i o  
o f  	
T e s t s  w e r e  t h e r e f o r e  d o n e  w i t h  n o  t r a n s i t i o n  - w i r e s  a n d  
t h e  z p t
. f 7  a g a i n s t  1 A T  c u r v e s  a r c  s h o w n  i n  f i g s .  9 ,  1 0 ,  1 2  a n d  1 3  
f o r  s a p - c h o r d  r a t i o s  o f  a n d  
I t  w a s  f o u n d  i m p o s s i b l e  t o  r e p r o d u c e  e x a c t l y  t h e  r e s u l t s  
o f  f i g s  1 1  
a n d  1 2 ,  r e f .  2 .  
F i g s .  1 2  a n d  1 3  f o r  g a p - c h o r d  r a t i o  o f  0  
s h o w c u r v e s  
o f  t h e  s a m e  f o r m  a s  f i g .  5  
b u t  t h e  t r e n d  i s  m o r e  s h a r p l y  d e f i n e d .  
-10- 
This suggests that the irregular curves of E 	 against 1/V which 
are associated with a Reynolds number effect are also a functian, 
of gap-chord ratio. 
It was felt that if the Reynolds number effect could 
be completely eliminated the curves of z 	 obtained would 
reseMble those of figs. 2 - 6, ref. 1 whic are almost linear. 
ag. 11 shows that when 18 thou.in. diameter wires were 
fitted at 25 per cent chord on Wing III a partial improvement of 
the results was Obtained but it was not until the wires were moved 
forward to 10 per cent chord on the aerofoil and similar wires were 
fitted at 10 per cent chord on the plates that the desired result 
was obtained (see figs. 15, 16, and 17). 
The fact that it was found impossible to reproduce the 
results of figs. 11 and 12, ref. 2, suggests that the inconsistencies 
shown in these results can not be wholly explained. by Reynolds 
number effect. Fran experience gained using the apparatus the 
authors suggest that lack of rigidity in the model supports could 
have caused the otherwise unexplained irregularities in the previous 
results. 
Conditions without transition wires were very unsteady 
and it was difficult to obtain accurate readings of resonant 
amplitude owing to irregular movements of the centre of oscillation 
of the aerof oil. In contrast, tests performed with transition 
wires on aerofoils ancl plates could be carried through in a straight-
forward. manner and the results reproduced at will. 
It was found that, for any one set of springs, the 
curves of z.prile, i/V for different forcing amplitudes were 
distinctly separated when no transition wires were present, while 
the corresponding curves fur transition Ares in position were 
practically coincident (cf. figs. 10 and 17). In aaaition test 
conditions were found to be :Duch steadier when the stronger set 
of springs (A) were used. 
5.2 :Lain Tests  
5.2.1 Curves of zT against 1/V 
Comnaring figs. 15 - 17 with figs. 2 - 6 of ref. 1 it 
will be seen that using different sets of springs has the sane 
general effect on the value of - . 
The curves for a gap-chord ratio of00  figs. 18 - 20, 
are similar to those at a gap-chord ratio of i (figs. 15 - 17) 
but at low tunnel speeds the curves change slope. It was 
thought that this effect was again due to Reynolds nuriber. 
I n  o r d e r  t o  v e r i f y  t h i s  t e s t s  w e r e  p e r t  o r :  u s i n g  w i r e s  o f  
3 4  
t h o u . i n .  d i a m e t e r  a t  1 0  p e r  c e n t  c h o r d  o n  t h e  a e r o f o i l  
( ' . - T i n g  I I )  
e n d p l a t e s ,  a n d  t h e  r e s u l t s  o b t a i n e d  a r e  s h o w n  i n  f i g ,  1 4 .  T h o s e  
c u r v e s  a r e  n o n  v e r y  r e g u l a r  a n d  c o n d i t i o n s  d u r i n g  t h e  t e s t  w e r e  
f o u n d  t o  b e  e v e n  s t e a d i e r  t h a n  t h o s e  a s s o c i a t e d  w i t h  t h e  1 8  t h o u . i n .  
d i a m e t e r  w i r e s  o n  a e r o f t l  a n d  p l a t e s .
*  
T h i s  i n d i c a t e s  t h a t  t h e  
R e y n o l d s  n u m b e r  e f f e c t  i n c r e a s e s  w i t h  d e c r e a s e  i n  g a p - - c h o r d  r a t i o .  
5 . 2 . 2  V a r i a t i o n  o f  z  w i t h  , w  
T h e  c u r v e s  o f  ( - z  ) r e
,   w  a t  a  g a p - c h o r d  r a t i o  o f  
( f i g s .  2 1  -  2 3 )  a r e  s i m i l a r  
t i
o  t h o s e  o b t a i n e d  f o r  a  g a p - c h o r d  
r a t i o  o f  2  i n  r e f .  2  ( f i g s .  1 5 ,  1 6  a n d  1 7 )  a n d  i n  r e f .  1  f o r  
i s o l a t e d  r e c t a n g u l a r  w i n g s  ( f i g s .  7  a n d  8 ) .  
A c c o r d i n g  t o  t h e o r y  t h e r e  s h o u l d  b e  a  u n i q u e  c u r v e  f o r  
a n y  o n e  n i n n  b u t  t h i s  i s  n o t  b o r n e  o u t  b y  t h e  p r e s e n t  r e s u l t s  o r  
t h e  r e s u l t s  o f  r e f s .  1  a n d  2 .  I t  h a s  b e e n  s u g g e s t e d  i n  r e f .  1 ,  
p a r a .  8  t h a t  t h i s  d i s c r e p a n c y  b e t w e e n  t h e o r y  a n d  p r a c t i c e  i s  d u e  
e n t i r e l y  t o  e x p e r i m e n t a l  e r r o r .  T h i s  i s  b o r n e  o u t ,  t o  s a m e  e x t e n t  
i n  t h e  p r e s e n t  t e s t s ,  s i n c e  t h e  c u r v e s  a t  a  g a p - c h o r d  r a t i o  o f  
( f i g s .  2 1  -  2 3 )  f o r  d i f f e r e n t  s p r i n g s  a n d  d i f f e r e n t  f o r c i n g  a r o -
l i t u d e s  a r e  n o t  d i s p l a c e d  f a r  f r o m  e a c h  o t h e r  a n d  t h e r e  d o e s  n o t  
a p p e a r  t o  b e  a n y  d e f i n i t e  t r e n d  i n  t h e  r e l a t i v e  d i s p l a c e m e n t s  o f  
t h e  c u r v e s  f o r  a n y  p a r t i c u l a r  w i n g .  
T h e  e x p e r i m e n t a l  c u r v e s  f o r  ( - z r ), - -  w  a t  a  g a p - c h o r d  
r a t i o  o f  1 / 3  ( f i g s .  2 4  -  2 6 )  a p p e a r  t o  b 8  v a l i d  o n l y  o v e r  a  
l i m i t e d  r a n g e  o f  f r e q u e n c y  p a r a m e t e r  a n d  t h i s ,  a s  r e m a r k e d  i n  
p a r a .  5 . 1 ,  i s  d u e  t o  t h e  R e y n o l d s  n u m b e r  e f f e c t  r e a s s e r t i n g  
i t s e l f  a t  l o w  t u n n e l  s p e e d s .  ( I t  c a n  b e  s e e n  f r o m  f i g .  
1 4  t h a t  
m o r e  c o n s i s t e n t  r e s u l t s  w o u l d  h a v e  b e e n  o b t a i n e d  i f  
3 L  
t h o u . i n .  
d i a m e t e r  t r a n s i t i o n  w i r e s  h a d  b e e n  u s e d ) .  
A l t h o u g h  t h e  e f f e c t  o f  c h a n g i n g  e x c i t i n g  a m p l i t u d e  i s  
s t i l l  m a l l  t h e  r e l a t i v e  d i s p l a c e m e n t s  o f  c u r v e s  f o r  d i f f e r e n t  
s p r i n g s  a p p e a r  t o  b e  m u c h  l a m e r  t h a n  f o r  a  g a p - c h o r d  r a t i o  o f  z .  
I n  o r d e r  t o  d e m o n s t r a t e  t h a t  t h e  s u d d e n  i n c r e a s e  i n  z  
f o r  t h e  A  a n d  B  s p r i n g s  o c c u r s  a t  t h e  s a L l e  v a l u e  o f  t h e  R e y n o l d s  
n u m b e r ,  l e t  u s  a s s u m e  t h a t  a  R e y n o l d s  n t n i b e r  e f f e c t  t a k e s  p l a c e  
a t  a  s p e e d  V
1 ,  
s u c h  t h a t  f o r  V. >  V
1  
t h e  v a r i a t i o n  o f  z  n i t h  
w  i s  s n a i l ,  b u t  f o r  V  1 7 1  
	
n  
t h e r e  i s  a  s u d d e n  i n c r e a s e  i n  t h e  
v a l u e  o f  z
w ,  
T h e  r e s o n a n t  f r e q u e n c y  u s i n g  s r i n g s  B  i s  i n  
t h e  r e g i o n  o f  7 . 6  c o l i e s .  a n d  w i t h  s p r i n g s  A  i s  i n  t h e  r e g i o n  o f  
1 3  c . p . a .  T h u s  t h e  v a l u e s  o f  0  c o r r e s p o n d i n g  t o  
t h e  
s u O r I n n  
*  A l l  t h e  t e s t s  a t  1 / 3  g a p - c h o r d  r a t i o  h a d  b e e n  c o m p l e t e d ,  u s i n g  
a  t r a n s i t i o n  w i r e  0 . 0 1 8 i n .  d i a m e t e r  a t  1 0  p e r  c e n t  c h o r d  o n  b o t h  
t h e  a e r o f o i l s  a n d  p l a t e s ,  b e f o r e  t h e  t e s t s  u s i n g  a  w i r e  0 . 0 3 4 i n .  
d i a m e t e r  w e r e  p e r f o r m e d .  
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1 
increase in z (for a fixed speed V
-1) will be in the ratio, 
"B springs 	 7,6  
"A springs - 13 - 1.7 
Reference to figs. 24 - 26 shows that this is the case 
and that there does exist a critical speed V1  at which the flaw 
changes character. A similar effect was observed in ref. 2 
where, by plotting zw  against 1/V, curves for different springs 
were made to coincide approximately (fig. 17, ref. 2). 
It is the different relative positions of the rapid 
increase in z for the two sets of springs which makes the 
curves appear Yo be displaced. Results obtained using larger 
wires would probably eliminate the rapid rise and would give 
results similar to those for a gap-chord ratio of 2  (figs. 21-23). 
5.2.3 Final Results  
It is necessary to fix on a value of a before the 
variation of zw  with aspect ratio and gap-chord ratio can. be 
v presented. A value of w= 0,2 was taken since it lies in the 
middle of the range considered and in the case of gap-chord ratio 
of 1/3 the curves at co= 0.2 are above the 'critical speed', 
V11, for both sets of springs, and therefore not in the range 
af' ected by Reynolds number. 
Results for a = 0.2 should be typical of those far 
w general (over the range considered), since, when Reynolds 
number effect is eliminated the dependence of z on 9 is 
In order to compare the results of the present tests 
with those derived on the basis of two-dimensional theory in 
ref. 6 it was necessary to estimate the value of z corresponding Zr to infinite aspect ratio at each gap-chord ratio. 
	
As a basis 
for the extrapolation the results of ref. 5 for infinite gap-
chord ratio and rectangular aerofoils were plotted and it was 
found (fig. 27) that the extrapolation was linear. Accordingly 
mean straight lines were drawn through the groups of points taken 
from the curves of figs. 21 - 26, for each spring and exciting 
amplitudes and produced to meet the (-zn) axis (fiR. 27). 
The set of results seems to be consistent; the rate 
of increase of 	 with i aspect ratio being more rapid at smaller 
gap-chord ratios."
i 
 This is brought out more clearly in fig. 28. 
The results of ref. 2 for a gap-chord ratio of 1 were 
inconsistent with the curves of fig. 27 and so were omitted. 
F i g .  2 8  s h o w s  t h a t  t h e  v a r i a t i o n  o f  z _  w i t h  g a p - c h o r d  
r a t i o  i s  s i m i l a r  f o r  a l l  t h e  a s p e c t  r a t i o s  c o n s i d e r e d .  A u  g a p -
c h o r d  r a t i o  d e c r e a s e s ,  z u.  i n c r e a s e s  a n d  f o r  g a p - c h a r d  r a t i o s  l e s s  
t h a n  0 . 5  t h e  r a t e  o f  i n c r e a s e  i s  v e r y  r a p i d .  
I t  i s  i m p r o b a b l e  t h a t  ( - q  u )  w i l l  c o n t i n u e  t o  i n c r e a s e  
a s  i n d i c a t e d  i n  f i g .  2 8  a n d  t h i s  w a s  c o n  i r m e d  i n  t h e  p r e l i m i n a r y  
t e s t s  m a d e  a t  a  g a p - c h o r d  r a t i o  o f  1 / 4 .  
I t  i s  s h o w n  i n  f i g .  2 9  t h a t  f o r  g a p - c h o r d  r a t i o s  i n  t h e  
r a n g e  0  t o  1 / 2  v e r y  g o o d  a g r e e m e n t  i s  o b t a i n e d  b e t w e e n  t h e o r y  a n d  
e x p e r i m e n t .  T h e  t h e o r e t i c a l  c u r v e  w a s  d e r i v e d  f r o m  a p p r o x i m a t e  
f o r m u l a e  g i v e n  i n  r e f .  6  w h i c h  o n l y  a p p l y  f o r  s m a l l  g a p - c h o r d  r a t i o s  
1 ) .  
5 , 3 ,  A i r - r e s o n a n c e  c o n d i t i o n  
I t  i s  p o i n t e d  o u t  i n  r e f .  7  t h a t  f o r  a e r o f o i l s  o s c i l l a t i n g  
b e t w e e n  w a l l s  i n  a  c o m p r e s s i b l e  f l o w  a  t r a n s v e r s e  r e s o n a n c e  p h e n o m -
e n o n  c a n  e x i s t  w h i c h  c a n  g r e a t l y  c h a n g e  t h e  n a t u r e  o f  t h e  f l o w .  
T h i s  i s  d u e  t o  t h e  f a c t  t h a t  i n  a  c o m p r e s s i b l e  f l u i d  t h e r e  i s  a  
d e f i n i t e  t i m e  l a g  b e t w e e n  a  d i s t u r b a n c e  i n i t i a t e d  a t  o n e  p o i n t  a n d  
i t s  e f f e c t  a t  a n o t h e r .  U n d e r  c e r t a i n  c o n d i t i o n s  t h i s  p h a s e  l a g  
c a n  g i v e  r i s e  t o  a  r e s o n a n t  c o n d i t i o n  ( o f  t h e  a i r )  w h i c h  i n v o l v e s  
l a r g e  c o r r e c t i o n s .  
W o o l s t o n  a n d  R u n y a n  ( r e f .  7 )  g i v e  a  c u r v e  r e l a t i n g  t h e  
c r i t i c a l  f r e a u e n c y  a t  w h i c h  t h e  a b o v e  r e s o n a n t  c o n d i t i o n  o c c u r s  t o  
t u n n e l  h e i g h t  a n d  l i a c h  n u m b e r .  F o r  t h e  l i a c h  n u m b e r  r a n g e  u s e d  
t h r o u g h o u t  t h e  p r e s e n t  t e s t s  t h i s  c r i t i c a l  f r e q u e n c y  i s  p r a c t i c a l l y  
c o n s t a n t  a n d  f u r t h e r m o r e  t h i s  f r e q u e n c y  i s  m u c h  h i g h e r  t h a n  e i t h e r  
o f  t h e  r e s o n a n t  f r e q u e n c i e s  a s s o c i a t e d  w i t h  s p r i n g s  A  a n d  B  ( 1 3  a n d  
7 . 6  c . c . s .  r e s p e c t i v e l y ) .  
6 ,  A c k n o w l e d g e m e n t s   
T h e  a u t h o r s  
- T i t h  t o  a c k n o w l e d g e  t h e  a s s i s t a n c e  g i v e n  b y  
l i r .  G . 1 1 .  a l l o y  a n d  A r .  K . D .  H a r r i s  t h r o u g h o u t  t h i s  i n v e s t i g a t i o n .  
S . H .  a l l e y  w a s  r e s p o n s i b l e  f o r  i m p r o v i n g  t h e  a c c u r a c y  o f  t h e  
a p p a r a t u s ,  l i r .  S .  C l a r k e  m a d e  t h e  p l a t e s  a n d : k r .  C . D .  B r u c e  t h e  
w o o d e n  a e r o f o i l s .  
A c k n o w l e d g e m e n t s  a r e  a l s o  d u e  t o  1 : e s s r s .  B . S .  C a m p i o n  
a n d  E . G .  S e a c y  f o r  u s e  o f  u n p u b l i s h e d  i n f o r m a t i o n .  
*  A s  n o t e d  a b o v e  t h e  r e s u l t s  a t  a  g a p - c h o r d  r a t i o  o f  1 / 4  p r o b a b l y  
s u f f e r  f r o m  l a c k  o f  t r a n s i t i o n  f i x a t i o n .  I t  i s  f o r  t h i s  r e a s o n  t h a t  
t h e s e  r e s u l t s  a r c  n o t  r e p o r t e d .  
7. Conclusions  
1. zw 
 has been measured, using a forced oscillation 
technique, an rigid rectangular wings oscillating between parallel 
plates. 
	 The results are applicable to aerofoils in cascade when 
adjacent blades are oscillating in antiphase. 
2. Attention is drawn to the large Reynolds number effect 
on the values of zv. This effect, which increases with decrease 
in the gap-chord 
 radio, is associated.Noith the movement of the 
transition region on the aerofoils and side plates. Tests show 
that the Reynolds number effect can be eliminated by fixing a large 
enough transition wire to the aerofoil near the leading edge of 
both the aerofoils and side plates. 
3. When the Reynolds number effect is eliminated the 
dependence of qw 
 on the frequency parameter is small. The range 
of frequency parameters used in the tests was 0.1 to 0.45 and the 
range of Reynolds number was 0.8 x 10 to 2.5 x 105. 
The variation of z with gap-chord ratio was found for 
aerofoils of aspect ratios 5,
w 
 4 and 3 at gap-chord ratios of 2, 1, 
1/3 and 1/4. The results, when extrapolated to infinite aspect 
ratio, showed fair agreement with the approximate theoretical values 
obtained in reference 6. The large increase in the value of zw  
with decrease in gap-chord ratio, as predicted by theory, is shown 
to be true for values of gap-chord ratio above 1/3. At mailer 
values of gap-chord ratio the values of zw  decrease, but the 
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EXPERIMENTAL RESULTS FOR Z,./  EXTRAPOLATED TO GIVE 
‘ALUES OF Z. AT INFINITE ASPECT RATIO. 
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